efforts. [1] This is an specially intriguing issue since it is becoming increasingly apparent that variable effects of drugs on different patients or predisposition for various diseases can often be linked to variations in the genome sequence. [1] In the future, the exact knowledge of medicinally relevant nucleo tide variations may allow any therapy to be adapted to the genetic equipment of the individual and would abolish treatment with drugs that are ineffective or cause severe side effects. [1] Methods that allow time and cost efficient verifi cation of nucleotide variations should lead to further advances in pharmacogenetics. [1, 2] Many methods for the detection of nucleotide variations in genes have been described to date. [2] Each method exhibits advantages and disadvantages, and thus no methodology has prevailed so far. Most known methods are applied after amplification of the target genome sequence through the polymerase chain reaction (PCR). Thus, after isolation of the genetic material, the sequence of interest has to be amplified by PCR prior to the analytical step determining nucleotide variation. [2] Methods for the direct detection of nucleotide variations through PCR are rare. Allele specific amplification (ASA) determines nucleotide variations through either the presence or absence of a DNA product obtained through PCR amplification. [3] The principle of ASA is based on the formation of matched or mismatched primer template com plexes through allele specific primer probes. From matched 3' primer termini PCR amplification by a DNA polymerase proceeds, while a mismatch should obviate amplification. Nevertheless, there have been many reports indicating the low selectivity of this approach, thus necessitating further tedious time and cost intensive optimizations. [4] Therefore, any means of increasing the selectivity of allele specific PCR amplification should have significant impact on the reliability and robustness of direct SNP analysis by PCR.
Recently, we reported that nucleotide insertion selectivity of a DNA polymerase can be increased by chemical means by using 4' alkylated nucleotides.
[5] The supplemental small modifications are believed to cause less flexibility within the DNA polymerase substrate complex and thus decrease the tolerance for formation of geometrically altered nascent nucleotide pairs. [5, 6] Based on this model, we speculated that the flexibility at the 3' primer end can be decreased as well through these modifications, resulting in lower DNA poly merase propensity for extension of geometrically altered mismatched primer template complexes. Such a system could in turn be the basis for the development of a novel highly allele specific PCR approach. Here we show that this concept is indeed applicable and report on a significant increase of the specificity of PCR by the use of chemically modified primer probes. Our results represent a major advancement in the development of robust methods for the detection of nucleo tide variation through PCR.
We first synthesized DNA strands bearing 4' modified thymidine residues at the 3' terminal position and subse quently used these DNA strands as primers in primer extension assays.
[5b, 7] First, we screened several thermostable DNA polymerases in their ability to extend from 4' modified primer ends, which are either bound to the template according to the Watson Crick rule or which cause a single mismatch through a mutated template nucleotide (Figure 1) . [8] To mimic a cycle in PCR we employed reaction conditions commonly used in standard PCR protocols and used reaction buffers as recommended by the supplier. [7] Screening several commer cially available thermostable DNA polymerases we identified Vent DNA polymerase (exonuclease deficient mutant, Vent À ) as the best mismatch discriminating enzyme in primer extensions employing 4' modified oligonucleotides. The data obtained for Vent À employing unmodified probes reveal that the enzyme significantly promotes primer extension even from mismatched primers under the applied conditions ( Figure 1, lanes 2 5) .
However, 4' modifications at the primer termini cause in most incidences significantly increased discrimination be tween matched and mismatched primer template complexes ( Figure 1, lanes 6 20) . Discriminative primer extension turns out to be dependent on the bulk of the 4' modification. Thus, 4' methylated primer strands are extended efficiently by the DNA polymerase in the case of primer template T Me /A as well as T Me /G, while extension from T Me /C and T Me /T is signifi cantly hampered (Figure 1, lanes 6 10 ). Increasing the bulk of the 4' modification by employment of ethyl modifications led to significantly increased apparent mismatch discrimination but nevertheless, at the cost of efficiency for extension of matched complexes (Figure 1, lanes 11 15) . Interestingly, 4' vinyl modified primers exhibit good discrimination under the conditions applied, combined with a significantly in creased extension propensity in the matched case compared to the 4' ethylated probes (Figure 1, lanes 16 20) . These combined features render the 4' vinyl modification the most interesting for further investigations.
For genotyping needs we next envisaged the synthesis of the corresponding probes bearing 4' vinylated 2' deoxycytidine moieties. Furthermore, subsequent investigations of their interplay with DNA polymerases should reveal whether the Lanes 1, 6, 11, 16: primer only. [7] observed effects on mismatch discrimination are exclusively linked to thymidine residues. Following a published procedure for the synthesis of 1, [9] we synthesized the modified solid support 2 bearing adequately protected 4' vinylated 2' deox ycytidine (Figure 2 A) . [10] The required 4' modified primer probes were synthesized by means of automated DNA synthesis by employing the modified solid supports. Subsequent primer extension studies with 4' vinylated primer and Vent À conducted under identical conditions as above led to results similar to those obtained with 4' modified thymidines. The 4' vinylated 2' deoxycyti dine residues likewise show significant beneficial effects on the apparent mismatch discrimination by enzymatic primer extension.
Encouraged by these promising findings we next explored whether the results of the primer extension can be further developed to a highly allele specific PCR. First, we studied PCR amplification by Vent À of a 63nt gene fragment of the human acid ceramidase, which contains nucleotide variations at a single position opposite the 3' terminus of the respective primer probe. [8] To explore the impact of 4' vinyl modifica tions in primer probes on the discrimination of ASA we studied every possible single nucleotide variation in the template strand. As shown in Figure 3 , usage of unmodified primer probes resulted in little discrimination between matched and single mismatched primer template complexes. Strikingly, employment of primer probes bearing 4' vinylated thymidine residues resulted in a markedly diminished ampli fication of DNA when the primer probes were mismatched. These effects are significant in the presence of primer pyrimidine/template purine mismatches (T vi /G; C vi /A), but nevertheless even more pronounced when pyrimidine/pyri midine mismatched probes were present. In the latter cases the extent of product amplification was beyond the detection limit under the employed conditions (Figure 3) . Noteworthy, it has been shown that discrimination through PCR of pyrimidine/purine mismatches at the 3' primer end (e.g. T/G) is difficult to achieve; thus, our findings of significantly increased selectivity due to 4' modified primer probes are a significant advancement in this respect. [4] To gain detailed quantitative insight into this process we employed radioactively labeled primer probes and analyzed the ratio of product amplification after every cycle. [7] The obtained results clearly show the highly beneficial effects of our modified primer probes on PCR amplification selectivity (Figure 4 ). For instance, 4' vinylated primer termini are proficiently elongated in matched cases with somewhat lower efficiency than the unmodified probes. Nevertheless, single mismatches at the primer ends prevent efficient amplification significantly more pronounced in the 4' modified cases resulting in a more selective PCR amplification with respect to a single nucleotide variation at the primer end.
In summary, we report on effects of 4' modified primer probes on single mismatch discrimination in allele specific PCR amplification. We found that in all investigated single mismatches, significantly higher amplification selectivity is observed by use of 4' vinylated primer probes and Vent À DNA polymerase compared to cases were unmodified primers were used. This study reveals that small chemical modifications of DNA can trigger distinct enzymatic respons primer only. [7] Figure 3. Effects of modified primer probes on the selectivity of PCR amplification. A) Section of sequences employed. Py R ¼ pyrimidine residues bearing 4' hydrogen atom or 4' vinyl modifications; X ¼ respec tive template nucleobase as depicted in B) and C). B) Results obtained with primer probes bearing 4' vinylated thymidine residues. C) Results obtained with primer probes bearing 4' vinylated 2' deoxycytidine residues. M ¼ size marker; Lanes 1, 10: Experiments conducted in the absence of template and in each case with unmodified primers or 4' modified primers. [7] es that are not easily accessible with unmodified substrates. Considering recent developments in the use of real time quantitative PCR as an analytical tool for detecting variations in nucleotides, [11] these findings should have significant impact on the development of reliable and robust methods. [7] 
